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ECONOMIES IN RAILWAY OPERATION

BY F. E. WYNNE

Never before in the history of modern industrialism has there
been such a stupendous effort made by every one for high
efficiency as at the present time. It is the keynote of every
convention; the proceedings of the Institute and other engineer-
ing societies are full of it; magazines and daily papers are devoting
a great deal of space to the subject.
Under such conditions it is natural that the pendulum in

railway operation, which has until recently been swinging far
upon the side of safety and reliability at any cost, started to
swing towards the side of reduction in cost, at the price, as some
engineers think, of both safety and reliability. When this
happens, an extreme is likely to be reached that may show a
reduction in cost of some items that have been in the limelight,
but will show an increase in other items affected thereby that
will far outweigh the reduction. The way to avoid such an
undesirable condition of affairs is to analyze carefully every
point and study it from all sides before making a change from
practise that is giving good results. In other words, the old
maxim, " be sure you are right, then go ahead," applies here
with special force.

Probably nowhere has this search for efficiency been more
active than in the electric railway field. In the first place every
part of the equipment has been studied with the greatest care
to increase its life and reliability and decrease the cost of main-
tenance. This has resulted in the present magnificent equip-
ments that are found on all up-to-date roads. Car bodies,
trucks, wheels, control and motors have all been improved to an
extent undreamed-of a few years ago. Not only has there been
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a great increase in reliability-which is always one of the greatest
assets a road can have-but the cost of inspection and main-
tenance has been reduced to a degree that makes it cheaper to
scrap old equipments than to operate them.

Since the life of wearing parts has been ilncreased to such an ex-
tent that but little return may be expected from further endeavors
along that line, the busy minds of engineers all over the country
have been turned towards other means of reducing cost of op-
eration and have naturally rested on the cost of power. This
is usually one of the larger items in the cost of operation and
offers a fruitful field for investigation. A great many engineers
have figured out the amount it costs to carry around the dead
weight of a car and have given figures varying from 3 to 10
cents per pound per year. These figures must of course depend
on the mileage, the cost of power per kw-hr. at the car, and the
kind of service. For instance, the mileage of cars may vary from
15,000 to 90,000 miles per annum. Power may cost in one place
0.4 cent per kw-hr. at the switchboard, and in another place may
run twice that amount. Then the cost of getting a kilowatt-
hour from the power house to the car varies widely. Finally,
the conditions of service may vary so much as to take anywhere
from 40 to 150 watt-hours per ton-mile at the car. A road which
averages 50,000 miles per car per annum, consuming 100 watt-
hours per ten-mile at the car, and whose power costs 1.5 cents per
kw-hr. at the car, will pay 3' cents per pound per annum for
power.

50,000 XO.100 X1.5 - 33
2000

But whatever the actual cost may be, it has put the matter
before the operating people in such an attractive way that many
of them have been bending every energy to reducing weight,
thinking that every pound reduced, no matter how reduced, will
result in an immediate saving of 5 cents per pound per annum.
Some even go so far as to say that every pound removed from
the dead weight of a car is worth 75 cents to them-off the car.
This is the kind of talk that must be accepted with a good deal
of reservation. It is no doubt true that if the cost of operation
per ton-mile remains the same with the lighter weight cars and
equipments, the saving will be made. The danger is that in
reducing the weight, conditions may be altered so much as to
make the cost of operation more than before. The cost of
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inspection and maintenance may be increased on account of the
necessity for more frequent renewals of wearing parts. It is
intended to discuss in this paper some of the proposed means for
saving power on electric railroads and to clear up, if possible,
some of the misunderstandings that exist at the present time.

I. REDUCTION OF WEIGHT
In the development of the electric railways, the evolution of

cars and equipments from the old horse cars to the modern
double truck city cars and the high-speed interurban cars
has been attended by much grief and loss. The development
was so rapid that the only method possible to pursue was to
build the car and equip it, using the best judgment available
in proportioning the parts. Where parts broke in service, they
were usually strengthened by increasing weight and section,
regardless of the actual cause of the break, which might have
been in something entirely different. This of course resulted in
designs which were unnecessarily heavy. It is the part of good
designers and conservative engineers to re-design them, dis-
tributing material where necessary for strength and cutting out
as much unnecessary material as possible. It is astonishing
what results have already been attained in this line, and the
end is not yet. The use of high-grade materials and pressed
steel shapes with new types especially fitted for them will still
further reduce weights of car bodies and trucks, and now the
question has been put squarely up to the electrical manufac-
turers to reduce the weight of the motors and control apparatus.

Motors. The weight of motors may be reduced as follows:
1. By cutting out all useless weight; in other words, by very

careful designing.
2. By the use of high grades of metal to give the necessary

mechanical strength with smaller sections.
3. By the use of higher grades of insulation which will allow

operation at higher temperatures and thus permit the use of
smaller motors.

4. By the use of forced ventilation, thus enabling the motor
to carry larger continuous loads with safe rise in temperature.

5. By increasing the armature speeds, which thus gives a

greater output to a given size of motor.
1. Improved Design. The first method of cutting the weight,

that is, by eliminating all useless wei,ght, is a quite obvious one,
and has been followed to a greater or less extent for years. It
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is now being worked to the limit, and it is safe to say that all
motors which are designed hereafter will have a minimum of
useless weight in them.

2. High-Grade Metals. Higher grades of material have also
been used more or less, and there are now very few motors that
have cast iron in them where weight would be saved by the use
of malleable iron or of steel. Heat-treated steel is also used in
some cases for shafts, and will probably be used increasingly
hereafter. At present, however, its use on standard apparatus
is attended with danger and expense, since the methods of heat-
treating steel are not generally well-known, and, where special
materials are used, it always results in more or less dissatisfac-
tion in making repairs. In any case, the reduction of weight in
shafts that is possible by this method is very limited, since the
reduction in diameter reduces the stiffness in the shaft very
rapidly, and even if the shaft is of the high-grade material, it is
not safe to permit the deflection.

Great improvements have been made in steel castings in late
years. This permits the use of thinner sections than it has been
possible to cast heretofore. This will reduce the useless material.

3. High-Grade Insulation. A certain amount of increase in
capacity from a given size of motor may be obtained by the use
of heat-resisting insulation, and it has been common practise for
years to make use of such insulation in the larger sizes of motors
and in field coils for smaller motors, it being common practise
to use mica insulation for armatures and asbestos-insulated cop-
per strap for field coils. It is very difficult to increase the output
of machines so insulated above that which has been obtained for
years. Small wire-wound armatures have been wound in many
cases with the wire insulated by preparations of asbestos which
have increased the safe temperature limit very materially in such
machines. Such insulation, however, must be handled with
much greater care than ordinary coils insulated with cotton or
similar fabrics, as the asbestos is very weak mechanically, and
armatures are more liable to short-circuit. The net gain in capac-
ity by using high-grade insulation is somewhat reduced because
better insulating materials are poorer heat conductors and a
given load produces higher motor temperature than with poorer
insulation. The limit to the temperature in motors at present is
the melting point of tin solder, and we believe that very little in-
crease in temperature above the present limits will be possible
until a soldering material with higher melting point is produced.
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Tin melts at a temperature of about 225 deg. cent. This seems
like a good margin to give a motor which is supposed to operate
around 75 to 100 deg. cent.; as a matter of fact, the sudden heavy
loads on motors which do not last long enough to heat up the
entire armatures will last long enough to melt the solder out or
at least soften it to a point where it is thrown out by centrifugal
action. This probably will be much more frequent when the
motors are normally operated at higher temperatures than at
present. Therefore, we feel that this offers no great increase in
capacity. At least, any increase in capacity thus produced will
be obtained simultaneously with the lower efficiency of motor,
since in most cases a small motor operated at heavy overloads
and high temperatures will have a lower efficiency than the size
larger motor operated in the same service. Thus part of the
saving which is effected by the use of a little lighter weight motor
is lost in the decreased efficiency of the motor.

4. Forced Ventilation. The fourth method of increasing the
output, namely by forced ventilation, has been in use for some
years, and is quite effective. It is surprising what an effect a
small amount of air circulating through the motor will have on
the temperature, and capacity. It has the effect of increasing
the continuous capacity of motors, which ordinarily is not more
than 45 to 50 per cent of the one-hour current rating, to 65 to 80
per cent of the hour rating. In locomotives, air is forced through
the motors by motor-driveln blowers in the cab. These blowers
take their air chiefly from the outside of the cab through louvres
in the side wall of the cab. The air is taken at a sufficient dis-
tance above the road-bed so that very little dust is blown into
the motors, consequently, they remain quite clean inside.
The single-phase locomotives for the New York, New Haven and

Hartford Railway Comprany were probably the first machines that
employed the use of forced ventilation on a large scale. This
system is used on all of the single-phase locomotives and some of
the motor cars now in use, not only on the New Haven system,
but on the Spokane and Inland Empire Railway, St. Clair Tunnel,
Rock Island and Southern Railroad, and others. The later loco-
motives on the New York, New Haven and Hartford Railroad,
the first of which has been in operation for two years, are also
supplied with fans on the rear end of the armature, which are so

arranged as to draw air through longitudinal holes in the arma-
ture core, thus greatly increasing the effectiveness of the air
which is forced in from the outside. In cases where these
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motors are extended through the floor of the cab into the interior
it is usual to circulate the air through the motor by means of the
fan on the motor itself, and the external blower is unnecessary.
Where the motor is below the floor and exposed to all the dust
and dirt, it is undesirable to permit the air to be drawn into the
motor, as it will draw with it too much dirt and will invariably
deposit it on the inside of the motor. A great deal may be ac-
complished by the use of fans on the armature, with openings
through the armature. This establishes a circulation of air
inside of the motor, thus bringing the air in contact with the
outside of the motor frame, which can radiate it. The radiating
surface of the motor may be increased by the use of ribs cast on
the outside of the frame as is done in air compressors and such
things as automobile radiators. The greater the external surface
of the motor, the greater the radiating surface will be, and con-
sequently the lower the temperature of the motor.

5. High Armature Speed. Increasing the armature speed is
permissible where it can be done without sacrificing economy
of operation. Cars which are operated at high speeds may have
high-speed motors on them, the limit to the speed being simply
mechanical considerations. It is governed entirely by the maxi-
mum speed at which the cars are to be operated. This method
has also been in use for years, as it has been common practise
to have two or more motors of different capacity but approxi-
mately the same weight. A certain frame is adapted to give
a certain torque at the arnature shaft. This will usually be
somewhat greater with a low-speed winding than with a high-
speed winding, but roughly speaking, it is a constant, and the
horse power rating of the motor will consequently be increased
as the speed is increased. Thus a motor which at ordinary
speeds would develop 30 h.p. may, by increasing the speed
about 35 per cent, be able to develop 40 h.p. Such high-speed
motors are very satisfactory for high-speed service. Where
low schedules are required, high armature speed has the same
effect on the efficiency of operation as the use of a small gear re-
duction on a low-speed motor. It is a fact which has been well
known for years, and is now almost universally accepted, that an
equipment with a high-speed gear ratio on city cars will use a
great deal more power than the same equipment would take if
supplied with the maximum gear reduction. The recognition
of this fact has resulted in a wholesale change in gear ratios on
the cars in many of our large cities, notably Brooklyn, Chicago,
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Baltimore and Pittsburgh. It will in most cases be found that
for ordinary city service a motor operating at a full load arma-
ture speed between 450 and 550 rev. per min., when supplied
with its maximum gear reduction, will give the greatest economy
in operation. Motors operating at 600 to 700 rev. per min., if
supplied with maximum gear reduction, will require more power
on account of greater rheostatic losses in starting. Conse-
quently, it is very essential that care be taken in selecting motors,
not simply to pick the motor having the lightest weight, but to
select one which has the correct speed and torque characteristics.
It will be found that far more can be saved by gearing the motor
for the most economical speed then can possibly be saved by any
reduction in the weight. It is not at all uncommon to save 15
per cent or 20 per cent in power by a change in gear ratio, while
the weight of the motors alone cannot be changed by increasing
the speed so as to affect the total car weight more than five per
cent. Further, any increase in armature speed above the eco-
nomical speed will not reduce the weight of motor required for a
given service, for the root-mean-square current of the high-speed
motor will be greater than that of the low-speed motor, in propor-
tion to the increase of speed, which is proportional to the increase
in capacity. Therefore, a given service will produce equal heat-
ing in motors of the same weight but different speeds, with the
same gear ratio.

Control. The weight of control apparatus may be reduced as
follows:

1. By improved design of parts.
2. By more efficient arrangement of switches.
3. By more efficient use of resistance.
4. Better location of apparatus on the car.
1. Improved Design. As in motors, better design will eliminate

all useless weight from control apparatus. Here, also, high-grade
material may be employed to advantage, and it is probable that
the greatest reduction in weight will be effected by the use of
structural and sheet steels in places where cast iron is used at
present.

2. Improved Arrangement. Where a number of similar opera-
tions are to be performed by a number of similar units of appara-
tus there is the possibility of accomplishing the same result with
widely different numbers of units. Reducing the number of
units required to a minimum is a matter of development, and fre-
quently there is a chance that some new combinations of units
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may be discovered which will employ fewer units than required
by present standards and so reduce the weight of the control
equipment. An example of this occurred in connection with the
control for high-voltage direct-current motors, when a new
scheme of connections was devised so that only 13 unit switches
were needed to perform the same functions for which 18
switches had previously been used. Incidentally, with the
smaller number of switches more breaks in series were obtained,
resulting in a better as well as lighter control.

3. Better Use of Resistance. In modern equipments, the
weight of the resistance may be roughly from 10 per cent to 20
per cent of the total weight of all the control apparatus. By
using the same sections of resistance in different combinations for
different controller notches, not only may the weight of resistance
be reduced, but the number of switches employed may be de-
creased and the main wiring lessened.

4. Better Location of Apparatus. The amount of wiring may
be reduced to a minimum by carefully arranging the apparatus
under a car. It is often also possible to cut down the weight of
hangers required from that which at first seems necessary.
More could be accomplished in this respect by closer cooperation
between the car builders and electrical manufacturers.

Two-Motor Equipments. In many of the large electric railways
and steam railroad electrifications, the advantages of two-motor
equipments in place of four-motor equipments have long been
appreciated. Where only half of the wheels are available for ad-
hesion, of course the conditions of grade and climate must be
such that from 60 per cent to 75 per cent of the total car weight
will permit developing sufficient traction for all the require-
ments of the service. Where the full weight of the car is re-
quired for adhesion, the two axles of a truck may be connected
by side rods. Experiments have been made in this line with
more or less success, and complete success depends only on the
design of truck, including side-rods, and method of hanging and
applying brakes.
With two motors, the total equipment weight per horse power

is from seven per cent to 30 per cent less than with quadruple
equipments, because the two motors weigh less than the four,
the control apparatus is lighter and less wiring is required. A
further gain may be made in the trucks, since the weight of two
trucks may be less and need be no greater for two large motors
than for four small ones.
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In addition to having a higher weight efficiency, two-motor
equipments have higher electrical efficiency and reduced first
cost and cost of maintenance.

II. PROPER GEARING AND ARMATURE SPEED

"The selection of improper gear ratios for railway motor
equipments has alone caused a loss of hundreds of thousands
of dollars to the operating and manufacturing companies in this
country. Motors have been overloaded and burned out by the
thousands. Fifty-horse power motors have been used where
forty-horse power motors would have done equally well if
properly geared. Power houses and substations have been over-
loaded, have had their load factor greatly decreased and the line
loss has been greatly increased, simply because the motors on the
cars have been geared for too high speeds. Few people who have
not made a special study of the subject realize its importance, and
at the present time, in spite of the campaign which has been
waged against it by the manufacturing companies and a few en-
lightened engineers, there are still a good many motors in service
which are so geared as to result in a continual loss to the oper-
ating company. The large companies have been realizing more
and more in recent years the disadvantages of high-speed gearing
and some of them are now making wholesale changes in their
gearing, reducing the maximum speeds and making savings of five
to twelve per cent in power consumption, besides greatly reduc-
ing the temperature of the motors."'

" Probably the most common error in gearing is to gear for
high speed where the service is such that the stops are frequent
and there is no opportunity to run at high speed. The typical
cycle for such runs is rapid acceleration, short coast and rapid
braking. Consequently the acceleration and the run, to be ac-
complished most efficiently, would be made with a low-speed
gear. That which is so self-evident in this case holds good in
lesser degree with, longer runs. Therefore, having selected a
motor with sufficient capacity for a given service, the best gear
ratio to use is the lowest speed gear which will give the required
schedule speed with a reasonable margin for making up lost
time."2

Probably five to ten per cent of all the power used for propelling
electric cars and trains could be saved by correct gearing.

1. N. W. Storer in Electric Journal, Vol. V, p. 510.
2. F. E. Wynne in Electric Journal, Vol. III, p. 379.
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The maximum gear reduction varies from 3.5:1 to 5:1, depending
upon the power of the motor. The armature speed at the 500-
volt rating of the motor varies from 500 to 650 rev. per min.
Therefore, with maximum reduction and minimum wheel di-
ameter, the car speed at full load of the motors varies between
about 10 and 18 miles per hour. Even motors of the same power
are built for such speeds that with the same gearing, the car
speeds differ by as much as 25 per cent. The opportunity for
incorrect motor application, particularly where stops are fre-
quent, is therefore apparent.

City Service. By city service we mean the service in the larger
cities where stops average seven or more per mile and are fairly
evenly distributed. In such service there is very little or no
running at full speed. The essentials for maintaining the
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schedule are rapid acceleration and braking. In most cases
there is no difficulty in keeping cars on time with the motors
geared with the maximum reduction. Under such conditions a
motor of low rev. per min. with the same gear reduction, will do
either one or two things; it will give the same rate of acceleration
with less current or. with the same current it will give a higher
rate of acceleration than the motor of higher rev. per min.
Both of these features tend to reduce the power consumed.
As an illustration compare the shorter runs in Figs. 1 and 2. In

each case train, grade and curve resistance has been taken at 22 lb.
(9.98kg.) per ton. The low-speed motor of Fig. 2 takes the same
accelerating current as the high-speed motor of Fig. 1. Because
of the quicker start with the low-speed motor, the heavy current
does not last so long, the same amount of coasting is obtained, and
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the brakes are applied at a lower speed. The gain in power con-
sumption in favor of the low-speed motor is 10.9 per cent.
Part of this saving is the result of lower rheostatic losses and the
balance is due to the smaller amount of stored energy wasted
in the braking process. It should be noted that the gain of 10.9
per cent is in total power consumed and is in spite of the extra
weight of car with the low-speed motor. It is further worthy of
note that the heating of the high-speed motor is the greater.

These curves will also serve to illustrate the effect of gear
ratio. The high-speed motor corresponds to the low-speed
motor with a 4.43:1 gear reduction. However, in this instance
the car weights should be the same so that the difference in favor
of the low-speed gearing is even a little greater than the 13.8 per
cent saving indicated by the watt-hour per ton-mile values
of the figures.

FIG. 2

w 0

-15

-J

0 8 16 24 32 40 48 56 641
SECONDS

FIG. 2

The motor speeds used are within the limits of commercial ap-
paratus and the gearing is within the limits found on the same
motors in the same service, so that actual service conditions are
represented.
The argument most frequently heard against the adoption of

low armature speed and high gear ratios for city service is that
the car speed will be so low that the running time will be
greater. Let us examine this contention and see of how much
value it really is. Figs. 1 and 2 show that the two motors
make the schedule equally well. The higher acceleration is ob-
tained with the low-speed motor without subjecting the equip-
ment to any heavier current. The amount of coasting is
practically the same, so that if the runs were made without any
coast, the times would be the same. The high-speed motor is
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already slightly overworked, so there is no hope of making a faster
schedule by forcing its rate of acceleration up to the value which
is safe with the low-speed motor. Neither can the high-speed
motor take advantage of more rapid braking to increase the
schedule speed. However, since the low-speed motor is not
yet worked up to its full capacity, it can use faster braking to a
certain extent without being overloaded.
The figures given above show the saving in power at the car.

This is further augmented by the accompanying reduction in
losses throughout the system from the cars to the coal pile on
account of the reduction in the duration of peaks and the im-
proved load factor with low-speed motors. Therefore the figures
given are conservative. The assumption of equal gear reduction
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is fair because the maximum gearing is fixed by the power of the
motors and the clearance between gear case and track.
Now consider whether the saving due to less weight will make

up for the loss in power consumption. If the car under consider-
ation makes 30,000 miles annually, the car with light high-speed
motors at 4.21 kw-hr. per car-mile will consume 126,300 kw-hr.
annually, while the car with low-speed motors will consume
112,500 kw-hr. The annual saving is 13,800 kw-hr. At one cent
per kw-hr. this amounts to $138. At five cents per pound per
year, the high-speed motor car would save $100 annually.
The net saving is $38 annually in favor of the low-speed motor.
The actual difference is more than this because part of the saving
of five cents per pound annually is based on reduced power con-
sumption with the high-speed motor. We have shown that this
basis is incorrect.
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If the heavier car consumed the same energy per ton-mile (145
watt-hours) as the lighter car, the latter would save in energy
4350 kw-hr. annually. Hence $43.50 of the $100 annual sav-
ing credited to the light motor above is not really obtained, and
the actual net saving for the low-speed motor is $81.50 per year.
Many railway systems are facing the problem of operating

more cars, while their generating and distributing systems are
already loaded to their full capacity. The reduction in power
consumption with low-speed motors would mean that more
cars could be operated without increasing the generating and
distributing capacity. So the questions of motor speed and gear-
ing are exceedingly important when considering the installation
of a new system or a new line. It is unfortunate that this has
not been better appreciated in the past.

Combined City and Suburban Service. Here are considered
those lines giving a mixed service consisting in part of city service
as defined above and in part of a service averaging four or five
stops per mile, with more or less well-defined limits.

In this class of service the same general principles hold as for
city service. The possibility of using high speed is only slightly
greater than in city service, as the stops are still comparatively
frequent.

For example, assume that the operation of a certain line com-
prises six miles of city running with nine stops per mile and
six miles of suburban running with five stops per mile. The
minimum running time without any coast is 68.8 minutes for the
low-speed motor and 68 minutes for the high-speed motor, a
difference of 0.8 minute or 1.16 per cent. On the basis of a
schedule time of 81 minutes for the run one way, and opera-
tion of the two motors as shown in Figs. 1 and 2, the power con-
sumption with the high-speed motor is 42.54 kw-hr. per trip and
with the low-speed motor is 39.9 kw-hr. per trip, the latter sav-
ing 6.2 per cent of the energy required by the former.

In this class of service the annual car-mileage is generally
higher than in city service only, on account of the longer trips,
somewhat higher average speeds, and smaller difference between
the average and maximum number of cars required at different
times of the day and year. Assuming 40,000 miles per car yearly
and power at one cent per kw-hr., the saving by using the low-
speed motor instead of the high-speed motor amounts to $46
annually.

Interurban Service. Practically all interurban railways enter
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one or more large towns or cities over tracks laid in the streets
for several miles. This condition generally requires low-speed
running whether the stops are few or frequent, and therefore
this part of the service is most economically maintained by the
lowest-speed gearing suitable for the other service. Many of
these railways give both local and limited service. It is of
course desirable to use the same motor and same gear ratio for
both classes of service. With the same gearing, the local service,
because of the more frequent stops, will work the motors more
nearly up to their full capacity than will the limited service. The
limited service is most often considerably less than half of the
total. In order to minimize the size of equipment and get the
maximum economy of power, the gear ratio should be selected on
the basis of the local service, and the limited schedule adjusted to
suit the equipment and gearing best adapted to the local service.
If a high-speed limited schedule is taken as the basis of choosing
the gear ratio, one of two evils frequently results: (1) a
small equipment geared for abnormally high speed and just able
to maintain the limited schedule nicely, is selected, with the
inevitable result of overheating the motors in local service,
roasting out the windings, loosenilng connections and consuming
an unwarranted amount of power; or (2) a large equipment
geared to maintain the limited schedule and yet of sufficient
capacity to perform the local service without overheating, is
chosen, with the result that the power consumed in local service
is excessive and equipments are heavier than need be for the
major portion of the service. With the large motor geared for
a high limited schedule, the heating in local service is as great as
with the smaller motor properly geared for the local service.

Large high-speed equipments collect their toll all along the line
through extra weight, first cost, cost of maintenance, cost of
power, greater feeder capacity, larger substations and larger
power houses. Is it worth the price? We believe it is not. In
certain cases of keen competition, it may rise to the dignity of a
necessary evil, but too often high speed is assumed as the essential
element in building and maintaining traffic, when in reality the
frequent service and ability to receive and deliver passengers at
several central points in the terminals and towns served, assures
all the profitable traffic.

In the last analysis we believe that the extra cost of excessively
high speed limited service is rarely equalled by the additional
revenue obtainedi on account of the excess in speed over what
could be secured with equipments geared for moderate speed.
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Table II shows that the power consumption per car-mile for
local service is 2.4 kw-hr. with 75-h.p. motors and 2.7 kw-hr.
with 100-h.p. motors, and for limited service is 2.03 kw-hr. and
2.39 kw-hr. with the 75-h.p. and 100-h.p. motors respectively.

III. CORRECT OPERATION
We have shown that very great economies may be obtained by

selecting motors of the proper armature speed and correct gearing.
In addition to these, a great saving in power consumption may
be secured by correct operation of the cars in service. By cor-
rect operation is meant the use of proper accelerating and braking
rates so as to obtain the greatest amount of coasting consistent
with the particular equipment used in any given service.

Acceleration. It is frequently found that where a road is
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operating under a fairly easy schedule, the motormen will acceler-
ate rather slowly and perhapts operate with the motors connected
in series for a considerable part of the timae. The limits to the rate
of acceleration are the strains on the car and eqluipml-ent and the
comfort of the passengers, so that all of these features should be
considered in determnining the mnaximum rate of acceleration
which is permissible in any given case. So far as comfort is con-
cerned, rates of acceleration up to 2 mi. per hr. per sec. are in use
without objection on the part of the passengers.

Fig. 4 shows a run of one mile at a schedule speed of 24 mi. per
hr. with various rates of acceleration. The car weight is 38 tons
and the equipment comprises four rnotors, each rating 75 h.p. at
500 volts. The braking rate is constant at 1.25 mi. per hr. per
sec. A consideration of this figure shows that by vrarying the
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acceleration from 0.75 mi. per hr. per sec. to 1.5 mi. per hr. per
sec., the power consumption may be reduced 29.6 per cent. It
should be noted in this connection, however, that the maximum
current requirements vary from 370 amperes per car with the
lowest rate of acceleration to 570 amperes per car with the high-
est rate of acceleration. Hence substation and line capacity
must be considered in many instances.

Coasting. The amount of coasting obtained is a fairly good
measure of the difference in power consumption for a given run
made under different conditions; because when the amount of
coasting is great, it usually means that the acceleration is rapid
and that the braking rate is also high. The actual economy
obtained by increasing the amount of coasting in any given service
is not effected during the coasting period itself, but is the result of
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FIG. 5

(1) more rapid acceleration with power taken from the line a de-
creased proportion of the time, and (2) of a higher braking rate
with decreased waste of energy in heating the brake shoes and
wheels.

Braking. Other things remaining the same, an increase in
the braking rate produces a decrease in power consumption,
because the brakes will be applied at a lower speed and conse-
quently there will be less of the stored energy of the car con-
sumed during the braking period. This saving is indicated di-
rectly by the decreased time during which it is required to supply
power to the car in order to maintain a given schedule.

Fig. 5 shows the same run as in Fig. 4 except that a constant
accelerating rate is maintained and the braking rate is varied.
By varying the braking rate from 0.8 mi. per hr. per sec. to 2.0
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mi. per hr. per sec., the power consumption is reduced 23.1 per
Cent.

Fig. 9 is a general curve showing the rheostatic losses in an
equipment, plotted against the speed at which the rheostats are
all cut out of the circuit, the stored energy in a car at any speed,
and the power input to the car in bringing it from rest up to
any given speed. The energy to propel a car is utilized in
heating the electrical equipment, overcoming rheostatic losses
in starting, in heating brake shoes and wheels and in overcoming
the friction and windage due to operating the car in service. The
latter item is the useful work and is practically constant for a
given service irrespective of the method of operation.
By using a motor so designed and geared that the rheostats

will all be cut out of circuit at a low speed, the rheostatic losses
will be below those obtained when. the rheostats are cut out of
circuit at a higher speed. With a given equipment, increasing
the rate of acceleration produces this result. Higher rates of
acceleration permit the car to coast to a lower speed before the
brakes are applied and therefore less energy is wasted in heating
the brake shoes and wheels. High rates of braking accomplish
the same result.
The curve in Fig. 9 marked " rheostatic losses " shows what

may be accomplished by cutting out the rheostats more quickly.
The curves marked " stored energy, no rotational" gives a
measure of the amount of energy wasted in braking from any
given speed and shows what may be accomplished by applying
the brakes at a lower car speed. This curve is used in preference
to the one including the energy of rotation in armatures, gears,
wheels and axles, since this rotational energy will be about bal-
anced by the train resistance while braking. The curves for
field control will be considered later.
The coasting clock has been used with considerable success in

decreasing the power consumption by inducing the motormen to
accelerate and brake at higher rates. There are two points to
guard against in its use, however; one is that the rates of accelera-
tion and braking be not forced up to such a point that both ex-
cessive mechanical and electrical strains may be imposed upon
the equipments with a resultant increase in the maintenance
account; the other, that when the transportation department
find that a certain schedule can easily be maintained with 30 or
40 per cent of the time spent in coasting, they must not yield to
the temptation to decrease the running time, and run the risk of
over-heating the equipments.
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IV. FIELD CONTrROL
The control of the speed of railway motors by changing the

effective turns on the field, is as old as railway motors. Practi-
cally all of the early double-reduction motors were controlled in
that way. Some few single-reduction motors were also controlled
in that way and the old " loop " system was quite familiar
fifteen years ago. It was a failure at that time chiefly because of
difficulties with commutation due to poor motor design. Its
advantages have remained fresh in the minds of some engineers,
however, and when the locomotives for the New York, New
Haven and Hartford Railroad were designed in 1905, they were
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FIG. 6-FIELD CONTROL-40-H.P. MOTOR-5.12 GEAR RATIO-33-IN.
WHEELS-500 VOLTS

arranged for speed control on direct current by shunting the
field. Forty-one locomotives have been in operation with this
systemn of control on this road for the last five years and it has
provedl entirely satisfactory.
When the giant Pennsylvania locomotives were designed, the

requirements for large tractive effort inl starting and high maxi-
mum speed were so severe that it was necessary to use field
control of the motors. The application was slightly different
from that of the New Haven locomotives, however; instead of
shunting the field, half of it is cut out on the final notches in
series and parallel. This is to avoid having a non-inductive
shunt around the field wThich with a solid frame machine, might
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be productive of flashing. This is the scheme which has since
been tried with great success on motors for city and interurban
cars.
The question that naturally arises is, what are the advantages

of this system? The answer is brief, to save power. How is this
accomplished? On the same general principle which saves power
by the use of low-speed motors and high gear ratios; namely,
more efficient acceleration. In Fig. 9, the rheostatic losses with
field control are less than for the same speed with ordinary
control, because field control is used in series in place of the last
resistance step. Fig. 6 shows the speed and tractive effort
curves of a 40-h.p. field control motor with maximum gear ratio
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FIG. 7-STANDARD 40-H.P. MOTOR-5. 12 GE-AR RATIo-33-IN. WHEELS
-500 VOLTS

and 33-in. wheels. Fig. 7 shows the characteristics of the corres-
ponding low-speed motor without field control, and Fig. 8, the
corresponding light-weight motor. From these curves it is
seen that the speed of the field control motor on normal field
is about the same as that of the low-speed motor without field
control, while the speed of the field control motor on full field
is very low. The full field is used in accelerating and therefore
the rheostatic losses are greatly reduced. The normal speed is
used for running and enables the car to attain the same speeds
as with the non-field control motor, so that the braking losses
are not. increased.
The following example will serve to show the saving which

may be obtained by field control. Suppose that the tractive
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effort per motor required to give the necessary acceleration is
1575 lb. With a non-field control motor this takes 75 amperes
and with a field control motor only 68.5 amperes. The rheo-
static losses are all cut out at 8.9 mi. per hr. with field control
motor, but are not cut out until a speed of 9.9 mi. per hr. is
reached with the non-field control motor. Reference to the
general curve Fig. 9 will show that the corresponding rheostatic
losses are 1.07 watt-hours per ton with the field control motor
and 1.62 watt-hours per ton with the non-field control motor.
In other words, the field control motor saves 0.55 watt-hours per
ton every time the car starts. If the car weighs 30 tons and
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makes 9 stops and starts per mile, the saving is 0.149 kw-hr. per
car-mile-

Fig. 3 shows the same run as in Figs. 1 and 2 made with the
same acceleration as used for the low-speed motor in Fig. 2.
Table I gives the results from Figs. 1, 2, and 3. The power
consumed is 3.39 kw-hr. per car-mile or 9.6 per cent less than
with the low-speed motor of Fig. 2 and 19.5 per cent less than
with the high-speed motor of Fig. 1. In this case, the use of a
low-speed motor instead of a high-speed motor reduces power
consumption 10.9 per cent while the use of field control makes
a further reduction of 9.6 per cent, and the combination of slow-
speed motor and field control produces a saving of 19.5 per
cent.
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For a combined city and suburban service, similar results
are obtained. The application of field control to the example of
this class previously considered under Section II, shows that the
field control motor will make the trip with 35.76 kw-hr. and
therefore will save 10.4 per cent of the power used by the
low-speed motor and 15.9 per cent of that required by the
high-speed motor.

TABLE I

Length of run-ft ............ 587 1056
Time of run-sec ........... 43.4 61
Stops per mile ............... 9 5
Length of stop-sec 7 7
Schedule speed-mi. per hr.... 9.2 11.8
Braking rate-mi. per hr. per

sec........................ 1.25 1.25
Motor equipment........... . 4-40 h.p. 4-40 h.p.
Gear ratio-33-in. wheels..... 5.12 5.12

Motor type Light Standard Field Light Standard Field
weight control weight control

Motor rev. per min. at 40 h.p.
at 500 volts ............... 608 526 445 608 526 445

Amperes at full load of motor. 72 72 73 72 72 73
Car weight-equipped and
loaded-tons .............. 29 30 30 29 30 30

Accelerating current-amperes
per motor............... 75 75 68.5 75 75 68.5

Accelerating rate-mi. per hr.
per sec...... 1.5 1.88 1.88 1.5 1.88 1.88

Speed at which rheostats are all
out........ 12.4 9.9 8.9 12.4 9.9 8.9

Coasting time-sec........ 7.5 7.5 10.8 19.8 13.3 20.8
Speed at time brakes are ap-

plied-mi. per hr.......... 16.2 15 14.5 15.3 16 14.7
Watt-hr. per ton-mile ........ 145 125 113 99.3 96.7 85.7
R.m.s. amperes per motor.... 38.3 33.3 32.4 33.9 30.4 29.7
Temp. rise in service from air

25 deg. cent..... 65 47 45 50 42 40
Kw-hr. per car-mile ........ 4.21 3.75 3.39 2.88 2.90 2.57

For interurban service, field control produces more economical
running over the low-speed city sections, permits the use of a
gear ratio which is economical for local service, and with the
same gearing gives a higher limited speed than could be obtained
with the same size non-field control motor geared for the -local
schedule. This tends not only toward economy in local service,
but also towards reducing the motor capacity required for
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the operation of frequent-stop local service and high-speed limited
service with the same gear ratio.
A 75-h.p. field control motor geared for local service, as

heretofore described, and operating as shown in Fig. 10, will
maintain a limited schedule speed of 38.4 mi. per hr., which is the
same as that possible with the next size larger non-field control
motor. At the same time the reduction in power consumption
is 15 .9 per cent for local service and 11.7 per cent for limited
service. The power consumption in limited service is somewhat
more than with the ordinary 75-h.p. motor on account of the
faster schedule speed maintained with the field control motor.
The comparative results are shown in Table II.
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V. RESULTS OF TESTS

Within the last few years, a number of tests have been made
on cars operating in regular service, the results of which show
that our contentions in respect to proper gearing and armature
speed, correct operation and field control are correct in practise
as well as in theory.

Table IV shows the results of tests made in December, 1910,
under the direction of the writer, on the Frankstown Avenue
line of the Pittsburgh Railways Company. The cars and equip-
ments in this case were identical except for gear ratio.
-Test A was made with a low-speed gearing, while- test B



1912] WYNNE: RAILWA Y OPERATION 225

was made with a higher-speed gearing. A comparison of the
service conditions shows that they were approximately the same
-the slightly higher schedule speed in test B being balanced by
the somewhat fewer stops and slow-downs, shorter duration of
stop and decreased average passenger load. The railway com-
pany had in service a number of cars equipped as for test B.
The car geared as for test A was operated in regular service

for a considerable period of time prior to the tests and proved
itself capable of maintaining the schedule equally as well as
the car geared for higher speed. It will be noted that not only
did the tests show that the low-speed gearing effected a saving
of 13.8 per cent in the power consumption, but they also showed
that, whereas the equipments with the high-speed gearing were
operating with dangerous temperature rise, with the low-speed
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FIG. 10

gearing the heating of the motors was just within safe limits.
All equipments of these same motors installed since these
tests were made, have been provided with the low-speed
gears.

In volume XXIX, p. 1484 of the A.I.E.E. TRANSACTIONS, 1910,
Mr. H. St.Clair Putnam makes the following statement regard-
ing the use of coasting clocks on the Manhattan Elevated Rail-
way in New York: "The result of these calculations and tests
shows that an increase in the percentage of coasting from 12
per cent to 37.5 per cent will effect a saving of 24 per cent in
the power required for traction."
The report of tests made on cars of the Chicago Railways

Company, as given in the Electric Railway Journal, volume
XXXVII, pages 1192 and 1200, shows that increasing the accel-
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erating and braking rates (through the use of coasting clocks)
will save 15 .6 per cent of the power required for traction without
special effort on the part of the motorman, and that it is possible
and practicable to increase this saving to 27 per cent. This
report also shows that there is a saving in brake shoes amounting
to 40.8 per cent.
Both of the above reports show what can be accomplished by

correct operation as induced by the application of coasting time

TABLE II

Length of run-miles 1 6
Time of run-seconds ........ 150 150 150 611.8 563 563
Length of stop-seconds. 12.5 12.5 12.5 60 60 60
Schedule speed-mi. per hr 24 24 24 35.3 38.4 38.4
Accelerating rate-mi. per hr.

per sec. 1.25 1.25 1.25 1.25 1.25 1.25
Braking rate mi. per hr. per

sec .1.25 1.25 1.25 1.25 1.25 1.25
Motor equipment.... 4-75 h.p. 4-75 h.p. 4-90 h.p. 4-75 h.p. 4-75 h.p. 4-90 h.p.

Motor type Standard Field Standard Standard Field Standard
control control

Amperes at full load of motor. 130 130 156 130 130 156
Car weight-equipped and
loaded-tons. 38 38 39.5 38 38 39.5

Accelerating current-amperes
per motor. 127 122 177.5 127 122 177.5

Speed at which rheostats are
all out-mi. per hr. 21.3 20.3 28.2 21.3 20.3 28.2

Coasting time-seconds. 60 70 77.5 67.8 86.2 86.7
Speed at which brakes are

applied....... 27.1 26 25.7 30 30 30
Kw-hr. per car-mile. 2.4 2.27 2.70 2.025 2.11 2.39
Watt-hr. per ton-mile. 63.2 59.7 68.4 53.4 55.5 60.5
Temp. rise in service from air

25 deg. cent .580C. 600C. 700C. 50°C. 580C. 600C.

recorders. It should be noted in connection with the Chicago
Railways Company service that the equipments now maintain
the schedule so easily that the gearing is being changed from
4.06 to 4.73 in order to reduce the peak demands. Incidentally
it may be noted that one of the dangers previously mentioned
in connection with the application of coasting clocks is beginning
to show itself here, as the Chicago report states that the running
time for the cars on the line tested has been reduced three
minutes. In any such case, care should be exercised to determine
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what effect upon the heating of the motors such a reduction in
running time may produce before faster schedules are adopted
generally. More or less protection against too rapid accelera-
tion may be secured by careful circuit breaker adjustments or
automatic acceleration, or by a graduated scale with respect to
the bonus offered motormen in connection with their coasting
time records.

Table III shows the result of a series of tests made on the cars
of the Metropolitan Street Railway Company of New York under
the direction of Mr. H. H. Adams. It will be seen from this
table, by comparing tests 1 and 2, that the use of a lower-speed

TABLE IV
TESTS ON FRANKSTOWN AVE. LINE OF PITTSBURGii RAILWAYS COMPANY

Showing effect of gear ratio on power consumption and motor heating.

Items A B

Weight of motor car without load-lb .49,000 49,000
Weight of trailer car without load-lb.. 23,000 23,000
Motors... ................................. 4-50 h.p. 4-50 h.p.
Gear ratio-33-in. wheels ..................... 4.6 3.67
Schedule speed-mi. per hr ....................... 9.15 9.50
Stops per mile .................................. 8.7 8.63
Slow-downs per mile..... 1.94 1.37
Average duration of stop-sec.......... 6.8 6.2
Average passenger load .......................... 37 30
Average voltage ... ............................ 483 480
Watt-hours per ton-mie .137 159
Average temperature rise on armatures corrected to

25 deg. cent. air temperature ................... 68.8 87.8

A saves 13.8 per cent of the power used by B; reason-correct gearing. Day's service
consisted in each case of two round trips with trailer, then three round trips without
trailer, followed by two round trips with trailer.

armature and greater gear reduction effected a power saving
of 7 per cent. In test 3, throughout the congested district the
equipments were operated in series only and then operated in
series and parallel on the remainder of the runs. In spite of
the fact that this test shows nearly 23 per cent more stops than
test 2, the power consumption was decreased 5.5 per cent due
to the use of field control.

In test 4 the nutnber of stops and other service conditions
are practically the same as in tests 1 and 2, but the motors were
operated making full use of the field control in series and parallel
over the entire line. This test showed 7 per cent less power
consumption than test 3 with its greater number of stops, and
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12 per cent saving in power in comparison with test 2, where
the service conditions were practically the same. Substantially
all of this saving was due to the use of the field control motor in
test 4 as against the non-field control motor in test 2. In
this connection, it should be noted that while the 60-h.p. motors
of test 1 showed an average temperature rise of about 48 deg.
cent. corrected to air at 25 deg. cent., the 40-h.p. motors in test
4 showed only 58 deg. cent. temperature rise, which is still a
perfectly safe operating condition.

Tests recently made on various lines of the Pacific Electric
Railway showed an average power consumption of 97.3 watt-
hours per ton-mile with quadruple 75-h.p., 650-rev. per min.
motors geared 2.18:1. Other 75-h.p., 640-rev. per min. motors
geared 3.24:1 showed an average power consumption of 87 watt-
hours per ton-mile. The latter motor with field control showed
an average power consumption of 81 watt-hours per ton-mile.
These figures indicate that proper gearing would effect a power
saving of 10.6 per cent in this service, while the application of
field control would produce a further saving of about 6.9 per
cent, and the total saving which could be obtained by the use of
correct gearing in combination with field control would be about
16.8 per cent. It is interesting to note further in this connection
that the average temperature rise of the motors, corrected to
air at 25 deg. cent., in the most severe service was 80.5 deg.
cent. for the motors geared for high speed and 61.2 deg. cent.
for the field control motors. Temperatures on the non-field
control motor geared for low speed in this service are not avail-
able at the present time.
Summing up the results of calculations and tests as previously

described in detail, it is found that proper gearing and armature
speed, correct operation and field control are essential to the
most economical operation of railway service and the indications
are that from 10 per cent to 30 per cent of the power now con-
sumed in specific cases may be saved by a careful study of the
operating conditions and the intelligent application of these
principles.


